We propose a novel fabrication methodology for a hermetic sealing device using an O 2 plasma-assisted low temperature Intrinsic-Silicon (I-Si) and glass bonding technique. Glass substrates were used as the cap and base wafers, while I-Si was applied selectively to the contact surface of the cap wafer as an interlayer. A 180-μm-deep cavity was formed in the cap glass by wet etching using a double-layer (photoresist/I-Si) etching mask. I-Si/glass bonding was conducted at 200°C using an I-Si layer-covered glass wafer and a bare glass wafer. Water contact angle measurements and tensile test results showed that the bonding strength increased with promoting surface hydrophilicity through O 2 plasma pretreatment.
Introduction
In recent years, hermetic sealing devices for encapsulating integrated circuits (IC) and microelectromechanical systems (MEMS) have attracted significant research attention. [1] [2] [3] [4] In most cases, the hermetic sealing device comprises a cap wafer, a base wafer, and an encapsulated device. A cavity is formed in either of the wafers and the device is placed onto the cavity area. The wafers are bonded under vacuum or in a N 2 atmosphere.
Hence, the encapsulated device has a longer operating life and more improved characteristics than what is in the atmosphere. [5] In many hermetic packaging technologies, glass has been widely used as the cap wafer owing to its mechanical sturdiness, chemical stability, and permeability to light and radio frequency (RF) power. [6] [7] [8] [9] [10] Moreover, glass is also employed as the base wafer because it has high electrical resistance and a low loss tangent even at high-frequency ranges. [11] [12] [13] [14] [15] Recently, there has also been an interest in side-directional interconnection, which allows signal transmissions or a power supply for MEMS devices, such as microgy-roscopes, accelerometers, and pressure sensors. [16] To achieve the interconnection, several bonding methods using insulating interlayers have been reported, including glass frit bonding and adhesive bonding. [17, 18] These methods can provide a very strong bonding strength exceeding 10 MPa while maintaining insulation, but their practical usage is still challenging. Glass frit bonding is generally performed at high temperatures (400-500°C), which may degrade or damage the encapsulating devices. [17] In the case of adhesive bonding, the influence of outgas from the adhesive or the invasion of moisture should be considered. [18] Therefore, in order to overcome these limitations, a novel bonding method with an appropriate insulating material is required for functional hermetic sealing devices.
In this study, we propose the use of intrinsic-silicon (I-Si) as an interlayer for hermetic sealing devices because I-Si has the following three unique features. 
Fabrication Methodology for a Hermetic Sealing Device Using Low
Temperature Intrinsic-Silicon/Glass Bonding ple compared to other interlayers that need electroplating or multilayer deposition, [3, 22, 23] because it doesn't require the wet etching process and the adhesive layer.
The concept of the hermetic sealing device is illustrated in Fig. 1 . The I-Si interlayer is formed on the ring-shaped area of the cap wafer, and I-Si/glass bonding is conducted with the base glass wafer. In the following, we describe three processes involved in the fabrication of the proposed device: evaluating the insulating property of the sputtered I-Si, fabrication of the cap wafer with an I-Si interlayer, and evaluating I-Si/glass bonding.
Experimental Procedure

Insulating property of sputtered I-Si
To evaluate the insulation property of I-Si, resistance measurements were obtained using a four-probe method (Grail 10-5-LV-HTV, Nagase Techno-Engineering Co., Ltd.), as shown in Fig Table 1 .
Fabrication of the cap wafer
Next, masking tape was cut to the size of the cavity and pasted onto the cavity area. This simple patterning method 
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Transactions of The Japan Institute of Electronics Packaging Vol. 8, No. 1, 2015 has limitations in terms of the tape size and accurate alignment, but we considered that they would not affect the subsequent processes. Contamination that remained after removing the tape would be removed easily by ultrasonic cleaning. Finally, the aluminum tape was removed manually. The thicknesses of the cavity and ring-shaped area were measured by a digital micrometer (MH-15M, Nikon
Corp.) at 25 and 24 points, respectively, as shown in Fig. 4 .
In addition, the surface roughness of the ring-shaped area was obser ved using atomic force microscopy (AFM) (SPM-9600, SHIMADZU Corp.). Table 2 lists the measurement conditions for AFM.
O 2 plasma pretreatment
To clarify whether I-Si/glass bonding was applicable for a hermetic sealing, a bonding evaluation was performed with a non-patterned I-Si layer-covered glass wafer and bare glass wafer. First, we investigated the effect of the O 2 plasma pretreatment on the bonding performance. Table 3 lists the O 2 plasma conditions (PL8, SUSS MicroTec AG.).
Untreated wafers and 1 min O 2 plasma treated ones were prepared. Second, the water contact angles were measured using a contact angle meter LCD-400S (Kyowa Interface Science Co., LTD.) for the I-Si surface of both samples. Furthermore, a tensile test was performed using a MODEL-1307R (AIKOH ENGINEERING Co., Ltd.) at crosshead speeds of 50 mm/min to determine the strength of I-Si/glass bonding. bond escaped from the chains of atoms via thermal excitation. Therefore, the electrical resistance of the I-Si decreased up to a specific temperature. However, the influence of lattice scattering becomes large at high temperatures, [25] which caused high resistance. Thus, the resistance increased as the temperature increased.
I-Si/glass bonding
Results and Discussion
Insulating property of sputtered I-Si
Nevertheless, the resistance with I-Si was in the order of Figure 6 shows the thickness of the cap wafer after HF wet etching. The line numbers on the axes correspond to those in the schematic diagram shown in Fig. 6 . The graph
Fabrication of the cap wafer
shows that there was a difference in thickness between the cavity area and ring-shaped area of more than 180 μm.
A cross-sectional scanning electron microscope (SEM)
image of the point of demarcation between the ring-shaped area and the cavity area is shown in Fig. 7 , which demonstrates that the cavity was formed successfully using a double-layer etching mask and with agitation of the etchant solution. Figure 8 shows a photograph of the fabricated cap wafer, which indicates that the cavity was formed without decreasing the permeability. These results indicate that the employed etching process was useful for patterning a 100-μm-scale cavity structure in the glass substrate. Figure   9 shows the AFM measurements based on observations of the ring-shaped area of the I-Si. In the ring-shaped area, the average root mean square value of the surface roughness was 0.36 nm. This means that the ring-shaped area was protected by the double-layer mask during HF wet etching, and thus a smooth I-Si surface was obtained after sputtering. The reason of this consideration is that an oxide group was Next, the dangling bonds of the oxide group were bonded to hydrogen when they were exposed to the atmosphere and they formed the hydroxyl group.
O 2 plasma pretreatment and I-Si/glass bonding
[26] Figure 11 shows a SAM image of the I-Si/glass interface at the bonded area. I-Si/glass bonding was mostly carried out. Some small voids caused by contaminations would be removed by improving the environmental conditions. Furthermore, as shown in Fig. 12 
Conclusion
In this study, we reported a novel fabrication methodology for a hermetic sealing device using O 2 plasma-assisted low temperature bonding technique of I-Si and glass. The findings of this study are summarized as follows.
(1) Resistance measurements showed that I-Si maintained its insulation property even after sputtering.
(2) A cap wafer with a 180-μm-deep cavity structure was fabricated successfully, and a smooth I-Si interlayer was formed only on the bonding interface of the cap wafer.
(3) I-Si/glass bonding was achieved at 200°C using the O 2 plasma pretreatment.
Based on the obtained results, we consider that the proposed fabrication methodology will open a new possibility for a novel hermetic sealing device. We plan to carry out I-Si/glass bonding using the fabricated cap wafer and bare glass wafer, and evaluate the hermeticity of the proposed device. Furthermore, the insulation property of the I-Si interlayer with a side-directional interconnection will be evaluated in our future research. 
